Summary
Introduction
Adequate brain function critically depends on sufficient 1987; Hofeldt, 1989; Snorgaard, et al., 1991) and hypoglycaemia following alcohol consumption. Mild hyposupply of glucose. Normally, the ingestion of food ensures the maintenance of a sufficient level of blood glucose. glycaemia leads to the impairment of cognitive functions and, if severe, to coma (for reviews, see Amiel and Gale, However, if the blood-glucose level falls below normal levels, the CNS faces a so-called hypoglycaemic state. The repeated 1993; Biessels, et al., 1994) . Hypoglycaemia occurs when the blood-glucose level falls occurrence of acute hypoglycaemia as a result of insulin overdosage is a problem associated with intensive insulin below normal values (3.5-5.5 mmol/l, i.e. 55-100 mg/dl) and results in a characteristic sequence of physiological therapy in the treatment of insulin-dependent diabetes mellitus (Diabetes Control and Complications Trial Research Group, responses, such as the release of counter-regulatory hormones that counteract the effect of insulin on glucose production 1993). Variants of hypoglycaemia, not related to diabetes mellitus, include functional or reactive, food-relieved and uptake, and activation of the autonomic nervous system. Then, autonomic warning symptoms, such as sweating, tremor hypoglycaemia resulting from hyperinsulinemia (Betteridge, and tachycardia are accompanied by subjective feelings of consist of a number of small deflections which are sensitive to distinct experimental factors, the functional interpretation anxiety, hunger and irritability. Neuroglycopenic symptoms reported during hypoglycaemia are blurred vision, lightof which is not clear (e.g. N2a, N2b, P3a, P3b; for recent reviews, see Näätänen, 1992; Coles and Rugg, 1995) . headedness, tingling, faintness and difficulty in thinking (e.g. Veneman et al., 1993) . The threshold at which hypo-
In the present study, we present a new approach which largely circumvents these problems. Recent developments in glycaemia starts to impair cognitive functioning lies between blood-glucose levels of 3.5 mmol/l (63 mg/dl) and ERP research have provided two methods that make it possible to assess the timing of two major cognitive processes 2.5 mmol/l (45 mg/dl) (Blackman et al., 1992) .
In the present study, we investigated which cognitive in the brain: stimulus selection and response selection. Compared with the N200/P300 method, the distinguishing processes are impaired by hypoglycaemia. Several approaches to study the effects of hypoglycaemia on cognitive functioning feature of these methods is that they are concerned with difference potentials which have clearly defined relationships have been used, e.g. psychometric tests (for reviews, see Ryan et al., 1993; Draelos et al., 1995) and reaction times to differential cognitive processing. We record ERPs in conjunction with a task in which a for relatively simple tasks (e.g. Herold et al., 1985; Snorgaard et al., 1991; Blackman et al., 1992; Veneman et al., 1993 sequence of coloured letters is presented, and the subject is required to select letters presented in one colour (e.g. red) Draelos et al., 1995) . These studies clearly showed that hypoglycaemia impairs cognitive functioning. Psychometric for further processing, and to ignore letters presented in another colour (e.g. green) . If the letter is red, the subject tests, however, require the performance of many distinct cognitive functions in concert, such as visual search for, has to decide whether the letter itself requires a right-hand (e.g. G) or a left-hand response (e.g. N), or no response at and selective attention to, particular stimulus features, also perceptual matching, rapid decision making, response choice all (all other letters). The colour which we define as relevant in one block of trials is defined as irrelevant in other blocks and response execution. Furthermore, the reaction time is the end result of the time consumed by several cognitive processes of trials, so that after averaging across different colours, any difference in the ERPs with relevant and irrelevant colours such as selective attention and motor-related processes, even when a simple reaction-time procedure is used. Thus, the is due to the task-relevance of the stimuli and not to colourinduced differences. performance decrements found in these studies do not indicate which of these functions is affected most by hypoglycaemia Many studies have shown that the ERP response to stimuli with the relevant colour starts to differ from the ERP (e.g. Pramming et al., 1986) .
Another approach is the use of event-related brain response to stimuli with the irrelevant colour between 120 and 300 ms after stimulus presentation. This ERP difference potentials (ERP) to study the effect of hypoglycaemia on brain and cognitive functioning. In these studies it is usually is maximal over occipital scalp sites, and is called the selection negativity (SN) (Harter and Aine, 1984 ; for reviews, the N200 (negativity at 200 ms) and/or the P300 (positivity at 300 ms) deflections in the ERPs which are analysed, see Harter and Aine, 1984; Hillyard and Picton, 1987; Wijers, 1989; Näätänen; Mangun and Hillyard, 1995) . Because following infrequent target stimuli in a so-called 'oddball task' (e.g. Jones et al., 1990; Blackman et al., 1992;  Ziegler the colour of the stimulus must have been identified at the time the SN starts, the onset latency of the SN can be used et Münte et al., 1995) . The N200 wave is thought to be related to a cognitive process, i.e. 'automatic feature as an upper limit of the time the cognitive system has used to identify the colour and to select the stimulus with the extraction' from a stimulus (e.g. Näätänen and Picton, 1986) . The P300 wave is thought to be related to the cognitive relevant colour for further task-directed cognitive processing (Rugg, 1991) . process of stimulus evaluation or context updating (Donchin and Coles, 1988) . Hypoglycaemia has sometimes been found To study response selection, the ERPs over the left and right primary motor cortices (at electrode positions C3Ј and to increase the latency of the P300 and decrease its amplitude, and sometimes only to decrease its amplitude (see Ziegler C4Ј, respectively) are recorded and averaged separately on left-hand movement trials and right-hand movement trials. et al., 1992) . These inconsistent results are difficult to interpret because of different methods of latency and This makes it possible to isolate potentials that are strictly related to the hand movement. Prior to a hand movement, amplitude assessment, differences in subject groups, electrode placements, task parameters and blood-glucose levels at the the ERP starts to lateralize with larger amplitudes above the motor cortex of the hemisphere contralateral to the hand that time of task administration.
There are other problems with interpreting hypoglycaemia is to be moved (e.g. Kutas and Donchin, 1980) . To isolate potentials that are strictly movement-related, it is necessary effects on endogenous ERP components. First, if hypoglycaemia affects the amplitude of ERPs, this may be the to eliminate asymmetric potentials related to other lateralized brain activity. This is done in a two-step subtracresult of a hypoglycaemia-related change in the overall electrophysiological state of the brain, but it does not necesstion procedure. First, we establish the difference between activity recorded over the left (C3Ј) and right motor cortex arily mean that the performance of the cognitive processes carried out in that state is affected (see e.g. Rugg and Coles, (C4Ј) ; this is done separately for left-hand and right-hand response trials. The hemispheric asymmetries (C3Ј-C4Ј) thus 1995). Secondly, the N200 and P300 deflections actually obtained on left-hand trials have components with equal subtractions for SN and LRP. Pramming et al. (1986) discussed the possible impairment of attention related processes polarity and components with opposite polarity compared with those on right-hand trials. Only the asymmetry that and processes related to maintaining an attentional state in the frontal cortex during hypoglycaemia. Hypoglycaemia is varies in polarity with response hand can be assumed to be movement-related. The asymmetry that does not vary in likely to affect the energy state of the CNS, and any mechanisms with high energy requirements underlying the polarity with response hand is related to other lateralized activity. This latter asymmetry is eliminated by subtracting maintenance of an attentive state might be vulnerable. Thus, the scalp distribution of the pre-subtraction ERPs might show the left-hand asymmetry from the right-hand asymmetry, i.e. right-hand response (C3Ј-C4Ј) minus left-hand response hypoglycaemia-related changes over the frontal scalp. (C3Ј-C4Ј). The resulting potential is called the lateralized readiness potential (LRP). Its onset latency can be assumed Methods to reflect the time at which a unilateral motor response is selected, and has been used succesfully in many areas of
Experimental design
Two groups of healthy volunteers performed the stimulusexperimental psychological research (for reviews, see Miller and Hackley, 1992; .
selection/response-choice task at three different times during the experiment (see Fig. 1 ). They first performed the task after Recently, we have described several reaction-time studies in which we combined the SN and LRP in choice tasks to being 30 min in a steady euglycaemic state. Next, the bloodglucose level of one group (the 'hypoglycaemia' group) was examine the temporal organization of stimulus and response selection (Smid et al., 1996; Smid and Heinze, 1997) . In systematically reduced by insulin infusion in four steps with the aid of the so-called 'glucose-clamp technique' until a bloodthe present study, we applied a similar paradigm to examine the effect of hypoglycaemia on cognitive processing and on glucose level of 2.6 mmol/l (48 mg/dl) was reached. The bloodglucose level of the other group (the 'placebo' group) was kept the scalp distribution of the ERPs. Our investigation was specifically designed to reveal which cognitive processes are at a euglycaemic level by infusion of saline. After~5 min in this state the subjects from both groups performed the task influenced by hypoglycaemia, and which brain areas might be involved in the relevant cognitive processes.
again. Finally, the blood-glucose level in the hypoglycaemia group was systematically increased by glucose infuDraelos et al. (1995) found that the largest effect of hypoglycaemia was on psychometric tests that required sion until the initial euglycaemic state was restored, while that of the placebo group was simply kept at a constant euglycaemic selective and sustained attention (Digit Vigilance and Trail Making Tests). In the present study we tested the hypothesis level. After reaching a steady euglycaemic state again, the subjects in both groups performed the task for the third and that hypoglycaemia impairs visual selective attention, with the aid of ERPs. Should the SN be delayed in the hypolast time. The placebo group served as a control to observe effects of practice and fatigue. The within-subjects design of glycaemic state, together with the LRP and reaction time, we would conclude that hypoclycemia exerts its largest the hypoglycaemia provocation enabled the hypoglycaemia subjects to serve as their own controls. influence on attentive stimulus selection. Should hypoglycaemia not delay the SN, but only the LRP and reaction
In the stimulus-selection/response-choice task, a singleletter stimulus was presented in the centre of a video screen time, we would conclude that low blood glucose impairs the selection of an appropriate motor response. Should only the at a rate of~1 c/s. This letter was either red or green. The subjects had to respond with their right hand to one letter reaction time be delayed, we would conclude that mainly motor-activation and motor-execution processes are impaired (e.g. G) and with their left hand to another letter (e.g. N), but only if these letters were in the relevant colour (e.g. red). in the hypoglycaemic state.
Several investigators have observed that cognitive funcThese target letters are called relevant targets (RTG). Relevant non-targets (RNT) consisted of other letters in the relevant tioning, impaired during hypoglycaemia, did not recover immediately after restoration of euglycaemia (e.g. Herold colour (e.g. red C, D, F, H, J, L, M ,Q, T, W). Target letters in the irrelevant colour (e.g. green G and N) are called et al., 1985; Blackman et al., 1992; Gschwend et al., 1995) . This is in accordance with subjective clinical observations irrelevant targets (ITG), and non-target letters in the irrelevant colour (e.g. green C, D, F, H, J, L, M, Q, T, W), are called (Herold et al., 1985) . However, other investigators, using indices of very early information processing in the brain, irrelevant non-targets (INT). Each of these four stimulus classes had the same probability of being presented (0.25). have reported an immediate return to normal functioning after restoration of euglycaemia (Jones et al., 1990; The RTG stimuli requiring left-and right-hand responses also had the same probability (0.125). To counterbalance the et al., 1991; Lingenfelser et al., 1993) . These seemingly contradictory results can be reconciled by proposing that, effect of physical characteristics of the stimuli (i.e. shapes and colours) on the averaged ERP response, different colours after restoration of euglycaemia, early information processing stages recover very quickly, whereas more central processing and letters were used as stimuli, and different target letters, were used in different trial blocks. Thus, the averaged RNTstages need more time to recover.
A final issue concerns the effect of hypoglycaemia on the ERP response contained ERP responses to the same stimuli as the averaged INT-ERP response. amplitude and scalp distribution of the ERPs before the Fig. 1 Schematic representation of the experimental design, showing the time points at which (i) the blood-glucose level was manipulated; (ii) the selective attention task was administered (computerterminal icons); and (iii) blood samples were taken and subjective symptoms scored (arrow icons). Note that the blood-glucose level of the placebo group was kept at 110 mg/dl (hatched upper line), while that of the hypoglycaemia group was decreased in four steps until a hypoglycaemic level of 48 mg/dl was reached (thick black line).
The reaction time was measured for the RTG stimuli. The related to hypoglycaemia, even if no increase of false-alarm frequency occurred. Secondly, it would suggest that stimulus LRP was derived by subtracting the (C3Ј-C4Ј) ERP responses obtained with the left-hand RTGs from those obtained with identification and response selection overlapped in time (i.e. were not carried out in a strictly serial manner (cf. Miller, right-hand RTGs (see Introduction). The SN measure was derived by subtracting the occipital ERP response to INT 1988; Smid et al., 1992) . This would suggest that the shape of the stimulus was used to select a unilateral response before from that to RNT (see Introduction).
We considered two possible effects on selective attention. the colour had been identified. First, hypoglycaemia might impair selective attention by slowing the selection on the basis of the colour of the stimulus, thereby delaying all subsequent cognitive processes
Subjects
Twenty-four healthy volunteers participated in the experiment if their temporal organization is serial in nature (Sternberg, 1969; Smid and Heinze, 1997) . Secondly, hypoglycaemia after giving their informed consent. Clinical examinations revealed that none of the subjects had neurological or may impair selective attention by impairing the quality of selective processing, i.e. the selection process might fail to endocrinological disorders. The experimental protocol was approved by the 'Ethik-Kommision der Medizinische, fully reject stimuli in the irrelevant colour. The result would be that information about the stimulus letter in the irrelevant Facultät der Universität Magdeburg'. The subjects were randomly assigned to two groups of twelve subjects each. colour might become available for response selection processes, which, in turn, might lead to a high number of false One group (four female, eight male, mean age 26.0 years, age range 22-32 years), received the hypoglycaemic provocation alarm responses if the letter concerned is a target letter (Smid et al., 1995) . This possibility can, of course, be observed by (hypoglycaemia group) and the other group (placebo group, six female, six male, mean age 24.4 years, age range 19-29 recording the false-alarm frequency to ITG stimuli. However, subjects can stop ongoing motor execution, even when the years) the placebo (in a single-blind procedure). All subjects had normal or corrected vision and were right-handed. muscles are already activated, but still before a button press is made (De Jong et al., 1990; De Jong et al., 1995) .
In addition to analysing overt false-alarm frequencies, we therefore performed a second LRP derivation, in which we
Stimuli and apparatus
In the selective attention task, twelve consonant letters were subtracted the (C3Ј-C4Ј) ERP response to ITG associated with the left hand (e.g. green N) from that to ITG associated used as the stimuli (C, D, F, G, H, J, L, M, N, Q, T, W), one of which was presented for each trial, on a PC-controlled with the right hand (e.g. green G). Should this result in a significant LRP in the hypoglycaemic, but not in the euglycavideo monitor. The letter appeared in either green or red on a black background at a viewing distance of 150 cm. At this emic state, it would suggest two inferences. First, it would suggest an impairment of the quality of input selection distance, the letter subtended 2.0°ϫ2.0°of visual angle. The subjects made a choice-response with the left or right index The catheters were inserted~1 h hour before the subject had to perform the first experimental tasks. The electrode finger by pushing a press-button device. The response buttons were located~30 cm to the left and to the right side of cap (see below) was mounted on the subject's head and the impedance of each electrode was manipulated until the the subject's midline, mounted on the arm-rests of the subject's chair.
appropriate level was reached (see below). A euglycaemic blood-glucose level (110 mg/dl, i.e. 6.1 mmol/l) was installed The subjects sat in a comfortable chair with their lower arms supported by arm-rests in a light-and sound-attenuated by continuous infusion of insulin (normal human insulin Actrapid, 1mU/kg/min) and glucose (20% solution). After room. A Biostator (Life Science Instruments, Miles Laboratories, Elkhart, Ind., USA) was used for blood-glucose the subject had adjusted to the experimental situation and had reached a steady euglycaemic state for 30 min, they clamping. The subject had a total of three venous catheters inserted in appropriate veins, one in one arm, two in the performed the selective attention task for the first time. Next, the subject was either maintained at the euglycaemic bloodother. The two catheters in the same arm were used for taking venous blood samples. One of these was used to take glucose level (i.e. in the placebo condition) or we increased the insulin infusion until a hyperinsulinaemic hypoglycaemic manual blood samples for off-line hormonal analyses. The other was used for computerized on-line analysis of blood state was reached with a blood-glucose level of 48 mg/dl (i.e. 2.6 mmol/l, in the hypoglycaemic condition). This glucose by the Biostator. The catheter in the other arm was used for computer-controlled infusion of insulin, saline and occurred in four steps (see Fig. 1 ). After~5 min in this state, the subject performed the selective attention task for the glucose by the Biostator, depending on experimental condition (euglycaemic, hypoglycaemic or placebo) and Biostator second time. The hypoglycaemic (or placebo) state had to be maintained for~40 min to take blood samples, record computed the level of blood glucose. The catheters did not impair the button pressing.
subjective symptoms and perform the task. We then increased the glucose infusion until the blood-glucose level plateaued and reached the level of the first euglycaemic phase. After~15 min in this state, the subject again performed
Procedure
The experiment was run on a single day. In each of the three the selective attention task. During each phase, blood samples were taken manually for off-line hormonal analyses, test phases, four blocks of the selective attention task were administered. Each block consisted of a randomized sequence subjective symptom ratings were written down. In Fig. 1 , the crossed-arrow symbols indicate the time points at which of 200 stimulus presentations. The first trial of each block was used as a warm-up period and the data were discarded blood samples were taken and subjective symptoms scored. The computer symbols indicate the time at which the selective from all analyses. In the first two blocks, two letters in one colour (red or green) were targets and in the second two attention task was administered. The autonomic subjective symptoms scored were sweating, tremor, tachycardia, anxiety blocks two other letters in the other colour were targets. Each new assignment of stimuli was preceded by two or and feelings of fever. Neuroglycopenic symptoms scored were blurred vision, light-headedness, faintness, concentrathree (depending on succesful performance) short training blocks (40 trials). In each block the probabilities of occurrence tion problems, feelings of fatigue and drowsiness. of the stimuli were the same. The order of colour assignment (red relevant first or green relevant first) and target-letter assignment were balanced within and between subjects. All
Recording and analysis
The ERPs were recorded from the scalp using metal electrodes 12 letters served as a target equally often. The subjects were instructed to identify each stimulus appearing on the screen mounted in an electro-cap (Electro-Cap International) and located at 29 standard (F7, F8, F3, F4, Fz, Cz, P3, P4, Pz, and to respond as fast and accurately as possible according to a target-to-response assignment (see below) shown in the T3, T4, T5, T6, O1, O2, Oz, Inz) and non-standard sites, according to the International 10-20 System. The nonfirst 8 s of a block. They were further told to fixate the fixation-aid and to minimize eye movements and eye blinks. standard sites were FC1 (halfway between Cz and F3), C3Ј
(1 cm anterior to C3), CP1 (halfway between Pz and C3), A block began with presentation of the target-to-response assignment (e.g. a red N on the left of fixation and a red Q PO1 (0,5 cm lateral to the halfway point between Pz and O1), TO1 (halfway between O1 and the midpoint of a line on the right of fixation, indicating that the red N required a left-hand response and the red Q a right-hand response).
between P3 and T5), IN1 (15% lateral to INz on the 10/20 system line connecting INz and T9), mirrored over the right After 8 s a visual fixation point appeared that also functioned as a warning stimulus. The imperative stimulus appeared hemisphere by FC2, C4Ј, CP2, PO2, TO2 and IN2. All these electrodes were referenced to a metal electrode attached to 1000 ms after presentation of the fixation point and remained on the screen for 150 ms. The inter-trial interval (including the left ear lobe. Eyeblinks and eyemovements were monitored with metal electrodes at both outer canthi of the eyes stimulus duration) varied between 800 and 1000 ms following a non-target and between 900 and 1100 ms after a target to [horizontal electro-oculogram (EOG)] and below the right eye (vertical EOG), all referenced to the left earlobe electrode. allow some more time for responding. An experimental block took~3 min to run.
The electrophysiological signals were filtered with a band-pass of 0.01-70 Hz (half-amplitude cut-offs) and digitized for performing many pairwise comparisons (Guthrie and Buchwald, 1991) . The experimental factor in the SN tests at a rate of 250 Hz. Automated artifact rejection was performed off-line to eliminate data epochs contaminated by concerned colour (relevant, irrelevant), and in the LRP tests the factor was response hand (left, right). These test blinks, saccades, excessive muscle activity and amplifier saturation (criterion 50 µV). The EEG signal was averaged, procedures closely follow those previously used in De Jong et al. (1988) , Wijers et al. (1989) and Smid et al. (1991, for 
Behavioural results
(scalp) recording position. The second set of analyses was Table 1 and Fig. 2 present the averaged results of the done to find the onset latencies of the SN and LRP. First, behavioural measures in the three treatment conditions. To the 0-480 ms post-stimulus time interval was divided into obtain an overall measure of error frequency, we summed 60 epochs of 8 ms, to average the amplitudes of each and averaged the errors and misses from the RTG trials and sequential pair of 4 ms samples in this interval, including a the false alarms from all other trials. The resulting mean correction for differences in the 100 ms pre-stimulus baseline.
total-error frequencies are shown in Table 1 along with the This was done with the average of each type of stimulus in averaged autonomic and neuroglycopenic symptom scores. each task and each clamp condition for each subject. In this
The two main issues of this study concern the effect of way we decreased the number of epochs to be tested to find induction of hypoglycaemia and the subsequent effect of the onset latencies of the SN and LRP without loosing too restoration of euglycaemia. much temporal resolution. After checking the grand averages of SN amplitudes at the occipital electrode sites, the SN turned out to be maximal at the IN1 electrode site, so the ERPs at this electrode were used for statistical analysis. The
Hypoglycaemia induction
The effect of hypoglycaemia on the behavioural measures LRP was derived as follows. We first calculated the (C3Ј-C4Ј) differences in ERPs on each trial. Next, these ERPwas evaluated with MANOVAs using the two factors group (two levels: placebo and hypoglycaemia) and test phase (two differences for trials in which information was associated with a right-hand response (RH-RTG and RH-ITG) were levels: first euglycaemia and hypoglycaemia/placebo). As Table 1 and Fig. 2 show, the induction of hypoglycaemia averaged separately from those for trials in which information was associated with a left-hand response (LH-RTG and increased reaction times, whereas repeated task performance in the placebo group decreased reaction times. This group LH-ITG), separately for each subject and condition. The difference between these two averages represents the LRP.
by test-phase interaction was highly significant [F(1,22) ϭ 9.6, P Ͻ 0.005]. These influences cancelled each other in The amplitudes of the averaged ERPs with the various types of stimulus and different response hands were then the main effect of group [F(1,22) Ͻ 1] and the main testphase effect [F(1,22) ϭ 1.3, P Ͼ 0.27]. subjected to MANOVAs, repeated on a number of the 8-ms epochs by means of planned comparisons according to a Total-error frequencies and false-alarm frequencies showed a main effect of test phase [F(1,22) ϭ 6.1 with P Ͻ 0.022 repeated-measures within-subjects design. To determine the onset latencies of the SN, these comparisons involved the and F(1,22) ϭ 6.2 with P Ͻ 0.021, respectively]. The two groups did not differ in overall total-error frequencies, nor difference between the ERPs in the stimulus classes RNT and INT (colour-related SN). To find the onset latency of the in overall false-alarm frequencies [both F(1,22) Ͻ 1]. The group by test-phase interactions for total-error frequencies LRP, the comparisons concerned the difference between the ERPs in the two different response-hand classes within a and false-alarm frequencies [largest F(1,22) ϭ 2.9, P Ͼ 0.10] were also not significant. stimulus class (RH-RTG versus LH-RTG and RH-ITG versus LH-ITG). Next, we determined, in each clamp condition,
In the hypoglycaemia group, reaction time significantly increased (by 27 ms) in the hypoglycaemic phase [F(1,11) ϭ when a visually-observable SN or LRP occurred and then tested the 8-ms epochs in the 100-ms interval preceding and 5.53, P Ͻ 0.038]. As in earlier studies, there were some subjects who did not show an increase in reaction-time (n ϭ following the visually-determined onset across subjects. The first epoch of a consecutive series of at least five epochs 3) during hypoglycaemia. In contrast, the reaction time in the placebo group decreased significantly from the first to (representing a 40-ms interval) with P Ͻ 0.01 was taken as the onset latency of a significant SN or LRP. The criterion the second occasion of testing [F(1,11) ϭ 5.01, P Ͻ 0.047].
In the hypoglycaemia group the increase in the reaction-time of finding at least five epochs with P Ͻ 0.01 is a correction restoration of euglycaemia, we performed a MANOVA with the factors group and test phase (levels: first and second euglycaemia). The reaction times showed no significant main was accompanied by a significant increase of false-alarm frequency [F(1,11) ϭ 6.1, P Ͻ 0.031] and a nonsignificant effect of group, or test phase [both F(1,22) Ͻ 1], and no significant group by test-phase interaction [F(1,22) ϭ 4.2, P increase of total-error frequency [F(1,11) ϭ 4.4, P Ͻ 0.061]. Thus, in the hypoglycaemia group the reaction-time increase Ͻ 0.053]. The same was true for false-alarm frequencies [largest F(1,22) ϭ 3.13, P Ͻ 0.09]. In the total-error was not due to a speed-accuracy trade-off. The decrease in reaction time in the placebo group was not accompanied by frequencies there was a significant test-phase effect [F(1,22) ϭ 8.07, P Ͻ 0.01], but no effect of group, and no significant increases of false alarm and total-error frequencies [largest F(1,11) ϭ 1.9, P Ͼ 0.19], indicating that, also in group by test-phase interaction [largest F(1,22 ) ϭ 1.9, P Ͼ 0.18]. this group, there was no evidence for a speed-accuracy trade-off. Together these results indicate that hypoglycaemia After restoration of euglycaemia, the reaction times in the hypoglycaemia group were not significantly different from significantly impaired information processing, resulting in those in the hypoglycaemia condition [F(1,11) ϭ 2.71, P Ͼ electrodes by a sequence of P100 and N180 waves. As the figure shows, repeated testing in the placebo group hardly 0.12], nor from those in the initial euglycaemia condition [F(1,11) Ͻ 1]. Total-error frequency was significantly higher changed the overall waveform of the ERPs. At the frontal electrodes only the early P150 seemed somewhat larger, and in the second euglycaemia than in the initial euglycaemia [F(1,11) ϭ 7.38, P Ͻ 0.02], and was not different from totalat the frontal and central electrodes, the P300 seemed a little earlier in the second and third phase of testing. error frequency during hypoglycaemia [F(1,11) Ͻ 1]. Like reaction times, false-alarm frequencies were not significantly In contrast, the ERP waveforms in the hypoglycaemia group were markedly different in the hypoglycaemic and different in the second euglycaemia phase from those in the hypoglycaemia phase [F(1,11) ϭ 2.55, P Ͼ 0.13] or those final euglycaemic conditions, compared with the initial euglycaemic condition. In the hypoglycaemia condition a in the first euglycaemia phase [F(1,11) Ͻ 1]. Thus, there is no evidence from reaction-times to suggest whether or not large negative shift overlayed the ERP waveforms at the frontal and central electrodes starting at the peak of the P150 euglycaemia restored the initial performance speed, but the evidence based on error frequencies suggests that performance and lasting until~600 ms (the dashed lines). The negativity was smaller at the central and parietal electrodes. In the same quality was not restored to baseline levels with the restoration of euglycaemia.
time interval, a large positive shift overlayed the waveforms at the occipital electrodes. After restoration of euglycaemia, In the placebo group the mean reaction times in the third test phase were not different from those in the second the ERPs showed a positive shift between 150 and 500 ms (the dotted lines, Cz). [F(1,11) Ͻ 1], nor from those in the first test [F(1,11) ϭ 3.66, P Ͻ 0.082]. Neither were total-error frequencies and
We tested these effects in five latency windows: 4-120, 124-200, 204-300, 304-400 and 404-500 ms. To obtain an false-alarm frequencies [largest F(1,11) ϭ 2.51, P Ͼ 0.14].
In summary, performance in the hypoglycaemia group was overall amplitude measure at frontal, parietal and occipital scalp sites we first averaged the ERP waveforms at F3, Fz significantly impaired during hypoglycaemia, suggested by slower responses and higher frequencies of errors. The task and F4; at P3, Pz and P4; and at O1, Oz and O2, respectively. The Cz electrode was tested separately because the C3Ј and performance quality did not return to its initial level after restoration of euglycaemia; the total-error frequencies during C4Ј signals contain ERPs that are strongly motor-related. A main MANOVA tested the factors group, test phase, scalp the second euglycaemia period were still elevated. There was no consistent reaction-time evidence concerning this issue.
position (four levels: frontal, central, and parietal and occipital ERP) and their interactions. Interactions with the factor scalp The placebo group showed a practice effect with repeated testing. These behavioural results are highly consistent with position were tested separately after the amplitudes had been normalized according to the procedure proposed by McCarthy previous studies in which reaction time was used to investigate the effect of hypoglycaemia on the speed and accuracy of and Wood (1985) . Table 2 presents the results of this test applied to the data from the initial euglycaemia and information processing (e.g. Herold et al., 1985; Snorgaard et al., 1991; Blackman et al., 1992; Veneman et al., 1993;  subsequent hypoglycaemia/placebo conditions. Most importantly, the group by test-phase by scalp-position Draelos et al., 1995) .
The important question now is: which cognitive process(es) interactions were significant between 124 and 500 ms [smallest F(3,20) ϭ 3.97, P Ͻ 0.023; largest F(3,20) ϭ 5.47, caused the increases in reaction time and error rates during hypoglycaemia? The ERP results, to which we now turn, P Ͻ 0.007]. These three-way interactions indicate that the effect of the test phase on the scalp positions of the ERPs give us evidence on this question. We consider the recordingposition (scalp-position) effects first and then the temporal was significantly different for the two groups. As Fig. 3 shows, the effect of test phase on scalp position was minimal effects.
in the placebo group and relatively large in the hypoglycaemia group where it consisted of an anterior negative shift and a posterior positive shift. Figure 3 shows the grand averages of ERPs from the midline differed as a function of test phase (first euglycaemia versus hypoglycaemia/placebo) only in the 404-500 ms window scalp positions obtained in the three test phases for the placebo and hypoglycaemia groups. These ERPs were averaged across [F(1,22) ϭ 6.13, P Ͻ 0.021]. The group by test-phase interaction was significant in the 304-500 ms window [all all types of stimulus and are plotted with negativity upwards. The waveforms at all scalp positions contained a pronounced F(1,22) Ͼ 6.14, all P Ͻ 0.021], which indicates that in this time interval the ERPs of the hypoglycaemia group, averaged positive component, maximal at the parietal scalp sites, and peaking at~400 ms. The scalp distribution and time of across scalp positions, were significantly more negative in the hypoglycaemic state. Since the hypoglycaemia effects in occurrence suggests that this component concerns the classical 'P300' component. At frontal, central and parietal electrodes earlier time intervals were opposite in polarity at the frontal and occipital scalp positions, no group by test-phase this P300 component was preceded by a P150-N200-P250 wave sequence, and at the occipital (Oz, TO1 and TO2) interaction was obtained across scalp positions. Across groups and test phases, the ERPs significantly differed as a function the initial (baseline) and final euglycaemia conditions. The table shows that there were no significant group effects. of scalp position between 124 and 500 ms [all F3,20 Ͼ 5.37, all P Ͻ 0.007] . Across test phases, the difference between There were significant test phase effects between 124 and 400 ms. Although not clearly visible in Fig. 3 there was a the ERPs at different scalp positions did not differ between groups [for the group by scalp-position interaction, all F (1, 22) significant test-phase by scalp-position effect between 124 and 200 ms. There were no significant group by test-phase Ͻ 1.11 and all P Ͼ 0.37]. Across groups, there were significant test-phase by scalp-position interactions, indicating by scalp-position interactions. These results indicate that the effect of test phase on scalp position did not differ between that the scalp distributions of the ERPs were different in the two test phases. the two groups. As shown in Fig. 3 , the P150 wave at frontal scalp sites was enlarged in the the second euglycaemia The lower part of Table 2 shows the effects of group and test phase, and their interaction at separate scalp locations condition for both hypoglycaemia and placebo groups. This was further indicated by a significant test phase effect at the (average frontal, central, average parietal and average occipital). As the table shows, the negative shift had its frontal electrodes in the 124-200 ms window and the absence of a significant group by test-phase interaction in this time largest effect on the frontal electrodes starting at 124 ms (the group by test-phase interactions). The occipital positive shift interval. A significant group by test-phase effect was only seen at the Cz electrode, in the 204-300 ms interval. This was confined to the 204-300 ms window (see also Fig. 3 ). This further indicates that the potentials related to invariant can also be seen in Fig. 3 where there is a sustained positivity at the central electrodes in the hypoglycaemia group between sensory processing of the cloured visual stimuli during the first 200 ms (P100, N180) were not affected by hypo-150 and 300 ms, which is absent in the placebo group. Thus, the significance of the positivity visible in the second glycaemia. There was a significant group effect at the occipital electrodes [F(1,22) ϭ 6.54, P Ͻ 0.018] as a result of a euglycaemia waveforms compared with the first euglycaemia waveforms was only minor. larger P250 component preceding the P300 wave for the hypoglycaemia group.
Scalp distribution of ERPs
In summary, compared with the first euglycaemia condition and the ERPs obtained in the placebo group, the ERP Table 3, organized in the same way as Table 2 , presents the results of the MANOVA tests applied to the data from amplitudes during hypoglycaemia showed a significant Tests involving the mean ERP amplitudes across stimulus types obtained in the first euglycaemia and hypoglycaemia/placebo conditions at frontal, central, parietal and occipital scalp sites. The tests involved the factors group (GP), test phase (TP) and scalp position (SP). * Interactions with scalp position concerned normalized amplitudes.
sustained negative shift over the frontal scalp, accompanied 1987; Rugg et al., 1987; Näätänen, 1992) . The present SN by a more transient posterior positivity. After restoration of effect of colour relevance replicates earlier findings (Wijers euglycaemia, the ERPs did not differ from baseline except et al., 1989; Smid et al., 1996; Smid and Heinze, 1997) . In for a larger positivity between 204 and 300 ms at the Cz the 204-300 ms window the colour-relevance effect was electrode.
highly significant [F(1,22) ϭ 100.74, P Ͻ 0.0005]. The group by test-phase by colour-relevance interaction was not significant [F(1,22) ϭ 1.73, P Ͼ 0.20]. This indicates that,
The selection negativity (SN) and lateralized
although there were large effects of hypoglycaemia on the amplitude of the pre-subtraction ERPs, the amplitude of readiness potential (LRP) the difference between the ERPs to stimuli with the relevant We now turn to effects of stimulus selection and response and irrelevant colour (i.e. SN amplitude) was not influenced selection on the ERP. Figure 4 shows the grand-average by hypoglycaemia. ERPs across the hypoglycaemia and placebo groups obtained
We next determined the onset latencies of the SNs and with the RTG, RNT, ITG and INT stimuli. At the central LRPs with the method described in the method section. Table  and posterior electrodes, starting at~200 ms, a clear difference 4 presents the onset latencies and durations of the SNs and is visible between the ERPs with stimuli of a relevant colour LRPs derived from testing at what latency a difference in (RTG and RNT) and those with stimuli of an irrelevant the ERPs, of ജ40 ms duration, started to differ significantly colour (ITG and INT) .
from zero with P Ͻ 0.01. The upper panels of Fig. 5 show These differences were largest at the left occipital IN1
the SNs related to colour selection derived from the ERPs at electrode. The ERPs with stimuli of the relevant colour were the IN1 electrode. The lower panels show the epochs in more negative than those with stimuli of the irrelevant colour.
which the SNs attained significant amplitudes. The left panels This occipital negativity concerns the SN. The negativity at are from the placebo group and the right panels from the the Cz electrode has a different origin, which is not modalityspecific and is called N2b (e.g. see Hillyard and Picton, hypoglycaemia group. This figure shows that, with repeated testing in the placebo group, the SN reached significant processes and response selection processes did not overlap in time (e.g. Miller and Hackley, 1992; Smid et al., 1992) . amplitudes earlier. In the hypoglycaemia group, however, the SN was delayed in the hypoglycaemia condition (dashed line) compared with the initial euglycaemia condition (continuous line). After restoration of euglycaemia, the SN (dotted line) Discussion reached significant amplitudes at about the same time as in We found that, at the behavioural level, hypoglycaemia the initial euglycaemia condition.
increased reaction times and error frequencies compared with The upper panels in Fig. 6 show the LRPs to RTG (thick baseline performance. In the placebo condition reaction times lines) and to ITG stimuli (thin lines). The lower panels show decreased due to practice. After restoration of euglycaemia the epochs in which the LRPs attained significant amplitudes.
in the hypoglycaemia group, total-error frequencies were The left panels are from the placebo group and the right still higher than at baseline, but the effect of euglycaemia panels from in the hypoglycaemia group. The figure shows restoration on reaction times was statistically insignificant. that, with repeated testing in the placebo group, the LRP Together, these findings indicate that task performance reached significant amplitudes earlier. In the hypoglycaemia deteriorated in the hypoglycaemic state. After restoration group the LRP was delayed in the hypoglycaemia condition of euglycaemia, the quality of task performance did not (dashed line) compared with the initial euglycaemia condition immediately return to its baseline level. These findings are (continuous line). In contrast to the SN, the LRP was still in agreement with previous studies. delayed after restoration of euglycaemia (dotted line). No
The scalp distribution of the ERPs during hypoglycaemia LRPs were present in any condition or any group when the differed significantly from baseline and from that in the targets were in the irrelevant colour. This latter finding placebo group. Over the frontal scalp a broad and relatively indicates that the rejection of these stimuli on the basis of long-lasting negative shift was present. This negative shift their colour occurred efficiently, even when blood-glucose was accompanied by a more transient positive shift over the posterior scalp. With regard to stimulus selection, we found level was low. It also suggests that stimulus identification scalp. If stimulus selection and response selection occurred in strict serial succession, the delayed LRP onset and reaction time might be explained by the delay in stimulus selection. In that, compared with baseline, hypoglycaemia increased the fact, there was no evidence from the LRP that target letters in onset latency of the SN, whereas with repeated testing in the the irrelevant colour were used to select responses before the placebo group, the onset latency of the SN decreased. The colour had been identifed. Thus, stimulus selection and onset latency of the SN in the hypoglycaemia group returned identification did not overlap in time with response selection. to baseline after restoration of euglycaemia. The amplitude However, in the hypoglycaemia condition the delay in LRP of the SN was not affected by the ERP shifts present during onset (72 ms) was larger than the delay in SN onset (32 ms, hypoglycaemia in the pre-subtraction ERPs. With regard to response selection, we found that hypoglycaemia increased see Table 4 ). Moreover, after restoration of euglycaemia, the LRP was still delayed. This suggests that hypoglycaemia, Why, then, is the delay in LRP onset latency (72 ms) larger than the reaction-time delay (27 ms)? This could have besides having an effect on stimulus selection, also has an additional effect on response selection processes.
several reasons. One is that averaged mean reaction time is determined by a relatively broad distribution of single trial nomic symptoms on one hand and P300 latency/amplitude and task performance effects on the other hand (e.g. Herold reaction times, whereas LRP onset latency is determined by the relatively fast reaction times from the left part of Ziegler et al., 1992; Kerr et al., 1993 ). An interesting finding in the present study concerns the reaction-time distribution. Another is that between-subject variance on reaction time may differ from between-subject large negative shift distributed over most of the frontal scalp during hypoglycaemia. This shift started at~200 ms and variance in the LRP. It is therefore difficult to compare the exact latencies of reaction time and LRP onset directly. In lasted until 600 ms. This negativity was accompanied by a smaller, spatially and temporally more restricted, posterior any case, the finding that LRP onset-latency was still delayed after restoration of euglycaemia is difficult to explain if the positivity. Similar changes have been observed by Tamburrano et al. (1988) . Slow negative potentials have been LRP delay during hypoglycaemia was solely determined by the SN delay. We conclude, therefore, that hypoglycaemia associated with increased preparation and neural information processing (Rockstroh et al., 1989; Birbaumer et al., 1992 ; has a clear effect on stimulus-selection processes, and that it seems to have an additional effect on response selection and Brunia, 1993) . There is an interesting parallel between the present findings and findings from studies that compared implementation. These findings further suggest that the simple delay in stimulus selection and response selection may be regional cerebral blood flow (rCBF) in the euglycaemic and hypoglycaemic states. During hypoglycaemia, frontal areas the reason that so little differentiation of the effects of hypoglycaemia has been found in psychometric tests that show strong increases in rCBF, whereas posterior brain areas show a decrease in rCBF (e.g. Tallroth et al., 1992) . require these selective processes to be intact.
The present findings further suggest that restoration of Furthermore, insulin-dependent diabetes patients with a history of previous severe hypoglycaemia showed increased euglycaemia after hypoglycaemia had effects that were dissociated for stimulus selection and response selection.
rCBF in frontal cortex and decreased rCBF in posterior cortex during controlled euglycaemia, relative to patients After restoration of euglycaemia, the SN onset returned to its baseline euglycaemic level. However, LRP onset remained who never experienced severe hypoglycaemia (MacLeod et al., 1994) . MacLeod et al. (1994) proposed that recurrent delayed and error frequencies remained increased, relative to baseline. These findings are consistent with previous work severe hypoglycaemia may lead to regionally selective capillary recruitment as an adaptive response to maintain showing that the P300 latency and behavioural performance were still impaired after restoring normal blood-glucose glucose supply during hypoglycaemia in vulnerable areas of the cortex. Acute hypoglycaemia may lead to capillary levels (e.g. Herold et al., 1985; Blackman et al., 1992) . It might be suggested that this longer lasting effect is a recruitment and primary mobilization of glucose transporters (Hargreaves et al., 1986 ). result of fatigue or decrease in motivation. Although not an unreasonable hypothesis, it cannot explain why only central Together, the present ERP and previous rCBF findings suggest that the frontal cortex is more highly activated during processes related to response production would show an effect of fatigue and not stimulus-selection processes. Maintaining a acute hypoglycaemia. Since sufficient glucose supply is a major energy requirement for normal brain function, the selective attentional state is an effortful process of deploying mental resources, so a fatigue effect should predict an equal increase of frontal activation can be thought of as a compensatory mechanism for the reduced energy supply effect on stimulus selection and response selection.
The interpretation that the delay in stimulus selection was during hypoglycaemia. The frontal cortex is strongly involved in the control of (attentive) behaviour, i.e. in the planning, directly related to hypoglycaemia might be countered by proposing that the delay was the result of a hypoglycaemiaprogramming, initiation and evaluation of the execution of component (For example, modality specific) processes, like induced increase of divided attention. We found a significant increase of autonomic symptoms (tremor, sweating, stimulus selection, stimulus-response coupling and movement control (e.g. Luria, 1966; Pribram and McGuiness, tachycardia) during hypoglycaemia compared with the euglycaemic and placebo conditions. These somatosensory 1975; Shallice, 1988; Posner and Peterson, 1990; Näätänen, 1992) . The present findings therefore support the hypothesis stimuli may compete for attention with the stimuli presented in the experimental task, producing a divided attention that frontally located brain mechanisms, involved in the control of attentive behaviour, suffer most from the impaired situation. Since stimulus selection is less effective in divided attention tasks than in focussed attention tasks (e.g. Treisman energy supply that results from acute hypoglycaemia (e.g. Pramming et al., 1986) . On this hypothesis, the locus in and Davies, 1973; Wickens, 1980 Wickens, , 1989 Heinze et al., 1994) , the delay in the SN might be explained as a result of cognitive processing at which hypoglycaemia exerts its influence lies at the level of executive control processes. The divided attention between the visual task stimuli and the somatosensory stimuli produced by hypoglycaemia. This impairment of these processes would lead to impaired control of component processes which are directly involved in alternative, however, is not very likely. First, stimuli from different modalities produce less attentional competition than modality-specific stimulus selection, stimulus-response translation (i.e. response selection), and to the recruitment of stimuli from the same modality (e.g. Treisman and Davies, 1973; Wickens, 1980) . Furthermore, several studies have energy-providing mechanisms to compensate for the insufficient energy supply. found clear dissociations between the occurrence of auto-
